Asexual organisms can be genetically variable and evolve through time, yet it is not known how genetic diversity is maintained in populations. In sexual organisms, negative frequency-dependent selection plays a role in maintaining diversity at some loci, but in asexual organisms, this mechanism could provide a general explanation for persistent genetic diversity because it acts on the whole genome and not just on some polymorphisms within a genome. Using field manipulations, we show that negative frequencydependent selection maintains clonal diversity in an asexual mite species, and we link predicted equilibrium clonal frequencies to average frequencies in space and time. Intense frequency-dependent selection is likely to be a general mechanism for persistent genetic diversity in asexual organisms.
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clone ͉ genetic variation ͉ maintenance ͉ Penthaleus major ͉ niche T he ability of natural populations to evolve in response to changing environmental conditions depends on genetic variation within populations. Although mutation is the ultimate source of genetic variation in populations, mechanisms that act to maintain this variation, once it has arisen, remain uncertain (1) . The maintenance of genetic variation in obligate asexual organisms provides an added conundrum. Selection on clones is particularly efficient as it acts at the level of either the individual or the clone, and reproductively favored clones should, therefore, rapidly eliminate clones with lower fitness, leading to the erosion of genetic (i.e., clonal) diversity (2) (3) (4) . Nevertheless, clonal diversity in obligate asexual organisms is often high (2, (4) (5) (6) (7) , allowing them to evolve in response to a changing environment. How is this clonal diversity maintained in asexual organisms?
Negative frequency-dependent selection -where a genotype's fitness increases as it becomes relatively rare -is thought to help maintain variation at some loci in natural populations of sexual species (8, 9 ). Yet, evidence for this phenomenon relies mostly on laboratory experiments (8) (9) (10) (11) , because direct evidence for frequency-dependent selection in nature is scarce (12) (13) (14) (15) (16) . Frequency-dependent selection has not been considered in asexual organisms where selection operates on clonal variation rather than on variation at specific loci. Instead, most of the focus on asexuals has been on the role of environmental heterogeneity in promoting clonal diversity (17, 18) . However, it is much easier to maintain clonal variation if the fitness of clones in different environments depends on clone frequency and fitness increases as clones become less common.
Here, we provide direct evidence for negative frequencydependent selection maintaining clonal variation in an asexual mite species, the blue oat mite Penthaleus major. This species is a major autumn-spring phytophagous agricultural pest in southern Australia where densities can exceed 15,000 mites/m 2 over a wide area. This species is asexual and lacks a sexual relative. Populations consist of numerous clonal genotypes that are defined by allozyme electrophoresis and whose frequency varies in time and over small distances (4) . Field mesocosm experiments have shown that clone frequencies change through time and space under natural selection and are affected by environmental heterogeneity (4). Moreover, clone frequencies do not vary geographically, even though clonal diversity decreases from the central to the peripheral distribution areas of P. major where suitable environments are patchy (19) .
We consider multiple niches through time, which is likely to generate negative frequency-dependent selection (9) . Mites were established in field mesocosms (4, 20) . A bottleneck was used to generate different clonal frequencies in the mesocosms at a pasture site. We also used a mesocosm experiment where mites were reciprocally translocated across three geographically separate pasture sites to test the relative importance of local versus geographic factors in influencing clonal diversity. The integrity of the allozyme-defined clones across different areas was established by characterizing genetic variation within and between clones from the 3 sites by using the amplified fragment length polymorphism (AFLP) method.
Results
Twenty-one mesocosms were seeded early in the season (June) with a low number of adult P. major (20 mites/plot), and this successfully generated significantly variable frequencies of clones in the subsequent generation of an expanding population [see supporting information (SI) Text]. Adult mites were sampled from the plots at weeks 5 (generation 1) and 14 (generation 2), after the release of mites, and clonal frequencies were identified by using allozyme electrophoresis (4). Twelve allozyme clones were found in the mesocosms, but only seven occurred across mesocosms at a frequency Ͼ5%. The frequency of the clones differed significantly across plots and, also, between clones within plots based on contingency analyses (see SI Text). Fitness was estimated by the difference in the frequency of adults between the two generations, which is a valid approach when there is either selection on clones or haploid selection (21) . Regression analyses showed a significant negative relationship between fitness and initial frequency (generation 1) for all seven clones: 1, 2, 3, 6, 8, 20, and 21 ( Fig. 1; Table 1 ). Therefore, if the frequency of a clone was high in generation 1, it was relatively lower in the subsequent generation (generation 2). This provides direct evidence for negative frequency-dependent selection acting on these allozyme-defined clones in the case where clonal frequencies differ significantly in successive generations (see SI Text and Table S1 ).
We also established the relative importance of local versus geographic factors influencing clonal diversity by reciprocally translocating adult P. major among three geographically separated pasture sites (St. Arnaud, Broadford, and Yarram) in Victoria, Australia, and assessing changes in clonal frequencies in field mesocosms over the reproductive season of the mites (June-October). A total of 16 allozyme clones were translocated among the three sites (13 clones from Yarram, 11 from Broadford, and 12 from St. Arnaud). Four of these (1, 3, 6, and 8) were at a frequency Ͼ5% of the total population in the plots at each site. The frequency of individual clones differed significantly among the plots (see SI Text). Regression analyses showed a significant negative relationship between clone fitness and initial frequency for each of these clones ( Fig. 2 ; Table 1 ). An ANOVA indicated significant effects of clonal type but not of other factors on fitness (Table 2) ; there was no significant effect either from plot location or population of origin, and no interaction effects, although the population by clone interaction was close to significance (P ϭ 0.053). The variance component because of clonal type accounted for 50% of the variance. The only other variance components Ͼ0 were the population by clone interaction (9%), the location by clone interaction (4%), and the population by location by clone interaction (2%). Fitness dif- fered between allozyme clones, but there was no evidence for fitness differences among the same clones collected from different areas at any of the three sites. Population background, therefore, did not affect clonal fitness. Although the fitness of the same allozyme-defined clones was not affected by the site from which they were collected, it is possible that they reflected collections of unrelated clones. To determine the integrity of the allozyme-defined clones, we characterized genetic variation within and between clones from the three sites by using the amplified fragment length polymorphism (AFLP) method, which is a fine-scale DNA fingerprinting technique. Thirty adult P. major from each of the three sites (used in the translocation experiment above) were collected and genotyped for both allozymes and AFLPs. Using the AFLP method, we detected 47 unique P. major clones from 86 individuals, but we only identified nine distinct allozyme clones in these individuals (Fig. 3) . The number of clones will generally be a function of the genetic resolving power of the marker used to characterize the clones (22) . As expected, AFLP clonal diversity was significantly higher than that revealed by the seven allozyme loci. However, the AFLP data indicated that genetic diversity within allozyme-defined clones was significantly less than between clones, with an analysis of molecular variation indicating that 79% of the variation was attributed to variation among clones, compared with only 21% within clones (Table S2 ). The neighbor-joining phylogram, based on distance matrices, shows that each allozyme clone forms a cluster, irrespective of the population of origin (Fig. 3) . The seven allozyme loci used to characterize clones here and before (4, 19) have, therefore, sufficiently identified genetically distinct entities that behave similarly in terms of field fitness.
The regression models (Fig. 2) cover a large number of environments experienced by P. major and can be used to predict the frequency at which each clone will be maintained within populations because equilibrium frequencies are the intercepts of x axes (when ln fitness ϭ 0). Through time and space, frequencies of the clones should approach these equilibrium values if they are maintained by negative frequency-dependent selection. To test how closely the x axis intercepts match observed frequencies, we examined published data on clonal frequencies from Southeastern Australia (19) . By combining the data from the four transects (i.e., clonal frequencies were assessed along four transects running from the center to the margins of P. major's distribution, ref. 19 ), the average frequencies of clones 1, 3, 6, and 8 were estimated over 57 sites. These sites cover a large number of environments (i.e., niches) present in Southeastern Australia. Because clones did not show consistent changes in frequency across geographic areas, we anticipated area-wide equilibrium frequencies for the clones. For three of the four clones, average frequencies closely matched the expected frequencies based on negative frequency-dependent Table 3 ). The only exception was clone 3, which was less common than expected in the overall sample. We have sampled Ϸ100 mites from a single site (Derrimut site D1) 11 times over two seasons and covering six generations (4). Clones 1, 3, and 8 were present in most samples and we expected that, through time, their average frequencies would approach the equilibrium values predicted under negative frequencydependent selection. We averaged clonal frequencies over the 11 samples ( Table 3 ) and found that clones 1, 3, and 8 matched expected equilibrium frequencies.
Discussion
The evidence presented here shows that negative frequencydependent selection is maintaining clonal diversity in natural populations of P. major. The bottleneck experiment revealed that when clones are rare, they have a fitness advantage over clones that are more common, leading to negative frequencydependent selection. The regression models, developed from the translocation experiment of each clone, fit data from previous experiments collected at different times and locations (4, 19) . Under negative frequency-dependent selection, we expect that niche variability/size will dictate clonal diversity. We have shown that clonal variation in P. major is highest in populations within the middle of P. major's distribution in Southern Australia (23) , where niche diversity is likely to be at a maximum.
The actual mechanism causing the negative frequencydependent selection in P. major populations is not known. Parasites and predators have been implicated in other asexual systems as causing changes in clonal frequencies in natural populations (24) . Using general primers for several different groups of microorganisms (eubacteria, microsporidia, and mollicutes), we tested all mites from the five mesocosms in the first bottleneck experiment (see SI Text). No mites were infected with either microsporidia or mollicutes, and only eight mites were positive for infection by eubacteria, with no discernable pattern of infection. Therefore, it is more likely that clonal competition and differential resource utilization cause frequency-dependent selection, because P. major is known to compete for resources both interspecifically (e.g., with the redlegged earth mite, Halotydeus destructor) and intraspecifically (20) .
These results show negative frequency-dependent selection as the mechanism maintaining clonal diversity in natural populations of an asexual species. Many other asexual species have high levels of clonal variation (2, 4-7), with clones showing ecological differences both spatially and temporally (2, 5, 25, 26) . These conditions are likely to promote frequency-dependent selection (9) . Most studies on genetic diversity in asexuals have used species that coexist with close sexual ancestors/progenitors and have proposed the frozen niche variation hypothesis (FNV) to account for the maintenance of clonal diversity (27, 28) . Under FNV, heterogeneous environments lead to the evolution of a variety of specialist clones that can compete, over a spatial scale, with their sexual counterparts, ensuing maintenance of clonal diversity. Continual recruitment of new clones, adapted to a particular niche, from the sexual population is assumed, because clones are lost through selection. When temporal variation is added, the FNV model effectively becomes a model for the maintenance of a polymorphism in a heterogeneous environment (17, 18, 29) , with density and frequency dependence generated over time (9) . As long as niches are limited and clones differ in the utilization of niches, the maintenance of clonal diversity by frequency-dependent selection will follow.
In summary, negative frequency-dependent selection has been proposed as a general mechanism maintaining genetic diversity (8, 9) . Despite numerous laboratory studies that support this model (i.e., [8] [9] [10] [11] , only a few studies have demonstrated frequency-dependent selection in natural populations. These studies have provided evidence for frequency-dependent selection operating on flower color polymorphism in an orchid (14) , morph ratios in a tristylous plant (13) , male fitness in guppies (15) and lizards (16) , and reproductive output in a clonal grass species (12) . We show here that negative frequency-dependent selection occurs in natural populations of an asexual mite species and predicts average clonal frequencies from previous studies on P. major (4, 19) . Negative frequency-dependent selection is also likely to maintain clonal diversity in other asexual species where frequency-dependent fitness effects are suggested (5, 25, 26) .
Materials and Methods
Penthaleus Major. The blue oat mite, Penthaleus major (Duges), is a major agricultural pest of winter grain crops and pastures in Southern Australia (30) . This species, along with two other species within its genus (P. falcatus and P. tectus), is a thelytokous parthenogen consisting entirely of all female clones (31) . The species hatches from summer-laid diapause eggs when temperatures and moisture are adequate in the autumn (March-April), coinciding with the establishment phase of many crops and annual pastures (30) . There are generally 2-3 generations of P. major, with generation times between 8 -10 weeks in the field, depending on temperatures (30) . Toward the end of the growing season (October-November), P. major lay diapause eggs and the mites survive the hot summer months in this state before cool moist conditions return in the autumn (32).
Field Plots. Three pasture sites in Victoria, Australia, were used for the reciprocal translocation experiments, and one of these was also used for the bottleneck experiment. Sites chosen were a low rainfall/high temperature site (St Arnaud, 36°36Ј S, 143°15Ј E, annual rainfall ϭ 509.7 mm, mean daily max/min temperature ϭ 20.8/8.4°C), a high rainfall/low temperature site (Yarram, 38°33Ј S, 146°40Ј E, annual rainfall 1,389.8 mm, mean daily max/ min ϭ 17.6/6.2°C), and a site that was intermediate for temperature and rainfall (Broadford, 37°12Ј S, 145°02Ј E, annual rainfall ϭ 752.7, mean daily max/min ϭ 18.6/5.6°C). These sites are separated by Ϸ400 km: St Arnaud is near the northern margin of the Victorian distribution of this mite, Yarram is at the most southerly point, and Broadford is intermediate. At each site, a 20 ϫ 30 m area was fenced off to keep livestock out. For the reciprocal transplant experiment, nine 2 ϫ 2 m plots were set up within this fenced area at each site on 7 April and before the autumn hatching of the summer diapause generation of P. major. White plastic sheets (95 cm high ϫ 0.5 cm thick; described in refs. 4 and 20) , were erected as barriers around each plot. To prevent mite movement, the sheets were inserted 15 cm into the ground and Tac Gel (Rentokil, Chatswood, NSW, active ingredient polybutene) was applied to the outer upper edges to trap any mites climbing up the sheets. An additional 21 plots (1 ϫ 1 m), with barriers, were set up at Broadford to conduct the bottleneck experiment and to directly test for negative frequency-dependent selection.
At each site, the major plant types in each plot were clover (Trifolium spp.), Yorkshire fog grass (Holcus lanatus), phalaris (Phalaris spp.) and capeweed (Arctotheca calendula). Once mites had hatched from diapaused eggs at each site (8 May -30 May), all resident earth mites within the plots were eliminated by spraying them three times (8 days apart) at the rate of 350 ml/ha with the organophosphate Imidan (Cropcare, Strathpine, Australia). The plots were then left for at least 10 days after the last spray before introducing mites (the residual effect of Imidan is Ϸ6 days). We never detected movement of mites into sprayed 1 ϫ 1 m plots within a season (i.e., ref. 32) and movement into 2 ϫ 2 m plots was extremely low (estimated at 0.02 mites per generation based on data in ref. 20) .
Bottleneck Experiment. Adult P. major were collected from a small 5 ϫ 5 m area in the surrounding pasture at Broadford, adjacent to the plots, and 20 adults were then randomly released into each of the 21 plots (see above). We seeded each plot with a very low number of mites to generate varying frequencies, through a bottleneck effect, of the allozyme clones in the subsequent generation. Five weeks after the initial introduction, 50 P. major adults (generation 1) were taken from each plot by using a suction vacuum (20) and stored at Ϫ80°C for subsequent allozyme electrophoresis to determine clonal frequencies. A final sample of 50 adult P. major was taken on 18 September (9 weeks after first sample) and stored at Ϫ80°C.
Reciprocal Translocation Experiment. Over a 6-day period, P. major were collected from outside the experimental plots at each site (St Arnaud, Broadford, or Yarram) by vacuum sampling. The mites were sorted, counted, and then reciprocally transferred among all three sites. Mites were held at 11°C before release to prevent mortality (20) . In each plot, 3,000 adult P. major were released. Three replicate plots per population were established at each site. A sample of 100 P. major from each plot at each site was collected just before release and stored at Ϫ80°C for allozyme electrophoresis to determine clonal frequencies. Tac Gel was reapplied to the outer upper edges of the barriers, when needed, and plots were monitored weekly until sampling.
Plots were sampled on October 8 -10, after two field generations and well before adults disappeared because of the summer diapause phase. A sample of 100 mites was removed from each plot by using a suction vacuum as above and stored for subsequent allozyme analysis to determine clonal frequencies.
Allozyme Electrophoresis and AFLP Analysis. Allozyme assays were carried out by using the Titan III cellulose acetate system (Helena Laboratories) (33) . Whole adult mites were placed in the sample plate, one per well, and ground up in 6 l of distilled water with a spatula. Seven polymorphic loci for 5 enzymes were used to identify multilocus clonal types: malate dehydrogenase (Mdh-1 and Mdh-2), phosphoglucomutase (Pgm-1 and Pgm-2), isocitrate dehydrogenase (Idh), glutamate-oxaloacetate transaminase (Got), and phosphoglucose isomerase (Pgi). Running buffers, stain recipes, and electrophoretic procedures followed (31) and (4) . For the bottleneck experiment, we assayed 33 P. major for each plot at generation 1 and, again, at generation 2, after the initial release (generation 0). For the translocation experiment, we assayed 66 P. major for each plot at each site before release and another 66 P. major for each plot at each site at the end of the season (see above).
Penthaleus major were collected from each of the sites where the field translocation experiments took place (St Arnaud, Broadford, and Yarram). A random sample of 30 adult mites from each site was frozen at Ϫ80°C for subsequent allozyme electrophoresis and AFLP analysis to compare variation within and between allozyme clones. Both allozyme and AFLP analyses were performed on the same individual mites. A single adult mite was crushed with a plastic pestle (Fisher Scientific.) in a sterile 0.5 ml Eppendorf tube containing 15 l of sterile water. Five microliters of the sample were loaded into a single well of the sample plate and genotyped for all 7 allozyme loci, as described above. DNA was extracted from the remaining 10 l of sample by using a modified CTAB extraction protocol for mites (34) . The entire DNA extraction was then used to perform an AFLP analysis according to an established procedure (35) , except that quantities were adjusted for mites by using the method outlined in (34) . Preamplifications were performed by using the primers EcoRIϩA and MseIϩC (see ref. 34 for primer sequences) whereas the primers EcoRIϩAA and MseIϩCAT were used for the final amplification. The EcoRIϩAA primer was end-labeled with ␥-33 P for the final amplification and the resultant PCR products were run on a 6% denaturing polyacrylamide gel and scored after exposure to film. Thirty individuals were analyzed from each site for the seven allozyme loci and the Comparison of predicted equilibrium frequencies (ln fitness ‫؍‬ 0) from regression equations for clones 1,  3, 6 and 8 from the translocation experiment with field data (4, 19 Average transect frequencies for each clone were taken from 4 transects (19), spanning 57 sites. Average frequencies for clones 1, 3, and 8 (6 was not present) from the 2-year temporal study at Derrimut site D1 (clonal frequencies based on 11 samples spanning 6 generations) (4). The 95% confidence limits are indicated in brackets.
